S-wave velocity is very important in seismic interpretation, especially in AVO modelling, but in practice S-wave velocity is often not recorded, or even if is available but in poor quality. There are many methods to estimate S-wave velocity, including both empirical relationships and theoretical formulae. This paper proposed a method to predict S-wave velocity by combining critical porosity model and Gassmann equations. Different from the usual critical porosity model, we first obtain a critical porosity value by inverting P-wave velocity, and applied it to predict S-wave velocity. The applications of experiment and logging data both indicate that this method can reduce uncertainty brought by selecting the empirical critical porosity value in the past, and provide the accurate critical porosity value for predicting S-wave velocity, which significantly improved the prediction accuracy.
Introduction
Rock physics establishes a connection between seismic attributes and reservoir properties, and it has been applied extensively in reservoir characterization and monitoring in recent years. Rock physics modeling is the basis for the study of rock physics, aiming to simulate the relationship between all kinds of rock elastic parameters and reservoir physical properties. Gassmann equations (Gassmann, 1951) that proposed under a low-frequency assumption are often used to calculate the effect of pore fluid on the seismic properties of the saturated rock (Wang, 2001) . The elastic moduli of the dry frame, i.e. dry rock, are indispensable key parameters in Gassmann equations, so how to calculate the elastic moduli of the dry frame directly relates to the success or failure of the modeling of Gassmann equations.
In practice empirical formulae are the easiest methods to calculate the dry-frame bulk and shear moduli, especially when there are no drilling cores or no rock physics experimental data in the research area, which have a lot of advantages. But there are so many empirical formulae, and how to choose an appropriate model affects directly the calculation accuracy of the dry-frame elastic modulus. Common empirical formulae are as follows. Krief et al. (1990) got a nonlinear relationship between the bulk and shear moduli of the rock matrix and the dry frame, by using Raymer's (Raymer, 1980) hard-rock data. Nur (1992) proposed the concept of the critical porosity, by which established a linear relationship between the bulk and shear moduli of the rock matrix and the dry frame. Pride et al. (2004) presented that the relationship between the bulk and shear moduli of the rock matrix and the dry frame can be established by a consolidation parameter which not only relates to the pore shape of the rock but also to the ratio of bulk modulus versus shear modulus of the rock matrix. Lee (Lee, 2006) generalized and modified the Pride's formula for shear modulus. This paper selected the critical porosity model as the study object, as to that the critical porosity value of the rock is affected by many factors, so in practice it is hard for us to obtain an accurate critical porosity value, can only take an empirical critical porosity value. To overcome this disadvantage, and by combining with Gassmann equations and the critical porosity model this paper proposed a method to obtain the critical porosity value by inverting P-wave velocity of the rock to reduce uncertainty brought by selecting the empirical values in the past, and applied the inversion method of critical porosity to S-wave velocity prediction, which improved the prediction accuracy.
Methods
In this paper we proposed a method to obtain the critical porosity value of the rock by inverting the Pwave velocity, that is when the P-wave velocity is known, by using Gassmann equations and critical porosity model we can establish an objective function for the critical porosity value of the rock, and then use the global search algorithm, such as simulated annealing method, to solve this function, and finally can get the accurate critical porosity value. The critical porosity value of the rock is obtained from the P-wave velocity, and concerned with the elastic properties of the rock itself, and not taking some empirical values arbitrarily, which can reduce the uncertainty and error in the modelling.
In the critical porosity model, the elastic moduli of the rock matrix and the dry frame are both related to the critical porosity value, that is, the critical porosity value can affect the elastic modulus of the rock, and then will affect the P-and S-wave velocities of the rock. Therefore, the P-and S-wave velocities of the rock depend on the critical rock porosity value. So we can take the critical porosity as a link to predict S-wave velocity from P-wave velocity, and establish an S-wave velocity prediction method based on the inversion of critical porosity, which is divided into two steps. Firstly, combing the critical porosity model with Gassmann equations, we can establish an objective function of the critical porosity value by P-wave velocity, and solve the equation by the simulated annealing algorithm to obtain the inverted critical porosity value of the rock. Secondly, substituting the critical porosity value into the critical porosity model, we can calculate the shear modulus of the rock, and then calculate the S-wave velocity. Figure 1 shows the predicted S-wave velocities for a gas well A by the S-wave velocity prediction method based on the inversion of critical porosity. The reservoir is low-permeability and low-porosity sandstone, while the porosities for non-reservoir are almost zero. It can be found that whether in reservoir or non-reservoir formations the predicted S-wave velocities agree quite well with the measured S-wave velocities, and the average prediction error for total depth is 5.2%, while that for reservoir is 3.5%. 
Results

Conclusions
By using critical porosity model and Gassmann equations, this paper proposed a method to obtain the critical rock porosity value by inverting P-wave velocity, and applied it to predict S-wave velocity. The applications of experiment and logging data both indicate that the inversion method of critical porosity can reduce uncertainty brought by selecting the empirical values in the past, and provide the accurate critical porosity values for predicting S-wave velocity, which significantly improved the prediction accuracy.
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